In Brief
Perrault et al. report that a gentle rocking stimulation applied continuously during a whole night promotes deep sleep and memory consolidation in healthy sleepers. By showing how rhythmic sensory stimuli actively entrain EEG brain waves of sleep, this new study unveils the neural mechanisms underlying the effects of rocking on sleep and cognition.
INTRODUCTION
While asleep, we may remain mostly unaware and behaviorally unresponsive to external stimuli [1, 2] . Yet, sensory processing does not cease during sleep [3] [4] [5] [6] . Moreover, sensory stimulations may disrupt or enhance sleep: just think of the traffic noise that keeps us awake, whereas the gentle sway of a hammock may soothe us to sleep. We previously corroborated the latter observation by showing that a continuous rocking stimulation (lateral movement at 0.25 Hz) applied during a 45-min nap shortened sleep latency, increased time spent in non-rapid eye movement (NREM) sleep, and enhanced sleep spindles (11) (12) (13) (14) (15) Hz) [7] . Several lines of evidence support the idea that sensory stimulations foster sleep oscillations, whether stimuli are presented at a specific phase of the ongoing oscillatory activity (i.e., using closed-loop stimulations [8] [9] [10] [11] ), or whether the stimulation is applied in a rhythmic pattern [7, [12] [13] [14] . Such entrainment of ongoing brain oscillations by an external drive is thought to involve a mechanism of neural phase reset reflecting the reorganization of the ongoing brain oscillations, specifically when applied in pulsed stimulation [8] [9] [10] [11] [12] [13] 15] . In contrast, continuous cyclic stimulation [7, 16] might also entrain endogenous brain rhythms by synchronizing to the stream of external events without imposing a phase-reset mechanism [15] . The modality of application of a sensory stimulus can alter its effect on sleep-wake architecture and highlights the importance of the methodology used [17] . Whereas existing data on that topic focused on relatively short stimulation periods (i.e., repetitive auditory stimulation [8, 12] ), the main aim of the present study was to assess how a continuous rhythmic sensory stimulation (here, rocking) applied uninterruptedly throughout the night might affect sleep architecture and related-brain oscillations and whether any potential effect on sleep may be explained by the entrainment of brain oscillations. Importantly, NREM sleep is characterized by a triple phase locking of cortical (SOs, <1 Hz), thalamic (spindles), and hippocampal (sharp wave ripples, 100-250 Hz) rhythms. Specifically, hippocampal ripples, which accompany memory reactivation, nest into the excitable troughs of spindles, which themselves reach cortical networks during the excitable up-state of the SO [18] [19] [20] . Accordingly, enhancing thalamocortical spindles and cortical SOs via sensory stimulation was found to promote long-term memory storage [8] [9] [10] . Hence, if rocking increases spindles and SOs [7] , it may also benefit sleep-dependent memory consolidation.
Here, we studied 18 healthy sleepers while they spent one night on a rocking bed (lateral movement at 0.25 Hz; compared to a stationary night) to measure the impact of continuous rocking on (1) sleep architecture and sleep maintenance, (2) the entrainment of brain oscillations (i.e., spindles, SOs), and (3) overnight declarative memory consolidation.
RESULTS
Eighteen healthy young adults (mean ± SD, 23.39 ± 1.61 years old; 10 women) completed a randomized crossover design (Figure 1) . The protocol involved one habituation night followed by two experimental nights under polysomnographic monitoring (electroencephalogram [EEG], electrooculogram [EOG] , and electromyogram [EMG]), including one night of laying on a gently rocking bed (0.25 Hz, 10.5-cm lateral excursion) and one night on the bed in stationary position. We assessed sleep architecture (i.e., sleep stages, arousals) and oscillatory activity (i.e., spindles, SOs). Before each experimental night, we ensured regular sleepwake patterns with sleep diaries and actigraphy recorded over the three preceding nights in each participant. Participants also performed a vigilance task and a declarative memory task (word-paired associate learning task) before and after each experimental night. More details about the procedure can be found in STAR Methods.
Rocking Stimulation Shortens Sleep Entrance and Strengthens Deep Sleep
We first tested whether the rocking stimulation (compared to the stationary condition) facilitated the entrance into and maintenance of NREM sleep. While the time from lights off to N1, called sleep latency to N1 (SL1), was not significantly affected (SL1; t test, p = 0.2), we found an interaction (F(3,51) = 2.7; p = 0.049) between sensory stimulation (rocking, stationary) and sleep latencies to stages (N1, N2, N3, rapid eye movement [REM]) due to a shortened latency to N2 (SL2; mean ± SEM; rocking, 10.08 ± 1.54 min; stationary, 16.72 ± 5.52 min; Bonferroni adjusted, p = 0.006), while N3 (SL3; Bonferroni adjusted, p = 0.41; Figure 2A ) and REM (sleep latency to REM [SLREM]; Bonferroni adjusted, p > 0.9) were not affected. We also found that the rocking stimulation affected the proportion of sleep time spent in different sleep stages, as revealed by a significant interaction (F(4, 68) = 5.814; p = 0.0004) between sensory stimulation (rocking, stationary) and sleep stage (wake, N1, N2, N3, REM), due to an increase in N3 duration (mean ± SEM; rocking, 27.41% ± 1.70%; stationary, 22.37% ± 1.65%; Bonferroni adjusted, p = 0.0006) and a trend for a reduced time spent in N2 (Bonferroni adjusted, p = 0.09). Note that rocking stimulation did not affect the duration of REM but that the cumulative time spent in N1 and N2 decreased under rocking conditions (mean ± SEM; rocking, 46.86% ± 1.90%; stationary, 50.48% ± 1.81%; Bonferroni adjusted, p = 0.031; Figure 2B ). The rocking stimulation did not affect the duration of wakefulness or the total sleep duration (measured by time in bed, total sleep period [TSP], and total sleep time [TST]; all p > 0.05; see STAR Methods; Table S1 ). A similar analysis of the sleep architecture during the first hour of sleep revealed no significant difference between rocking and stationary conditions (Table S1 ). Next, we asked whether rocking may also favor sleep maintenance by increasing the arousal threshold. An ANOVA performed on arousal density (number of arousals per 30-s epoch) using sensory stimulation (rocking, stationary) and sleep (NREM, REM) as within-subjects factors revealed the main effects of sensory stimulation (F(1, 17) = 4.77; p = 0.04) and of sleep (F(1, 17) = 7.9; p = 0.01), as well as a sensory stimulation by sleep interaction (F(1, 17) = 7.06; p = 0.016; Figure 2C ), reflecting a significant decrease in arousal density during the rocking night, selectively during NREM sleep (mean ± SEM; rocking, 0.14 ± 0.02; stationary, 0.18 ± 0.02 arousals per 30-s epoch of NREM; Bonferroni adjusted, p = 0.005) and with no change during REM sleep (Bonferroni adjusted, p > 0.994). More specifically, when looking at the different NREM stages, we observed that arousal density was 60% lower during N3 of the rocking night as compared to the stationary night (paired t test, p = 0.016).
Rocking Stimulation Increases Spindles and SOs
We then assessed the impact of rocking on sleep oscillations. Below, we first report results for spindle activity, then for SOs, before we consider the functional coupling between the two.
First, the detection and analysis of sleep spindles (count, amplitude, frequency, and duration) did not show any change Figure 3A ). By contrast, the count and density (number per 30-s epoch) of slow and fast spindles increased during N3 ( Figure 3A ). Indeed, we performed an ANOVA on spindle density using sensory stimulation (rocking, stationary) and type of spindle (slow, fast) as within-subjects factors. This analysis revealed a main effect of sensory stimulation (F(1, 16) = 7.46; p = 0.014), but did not reveal any effect of type of spindles (F(1, 16) = 1.78; p = 0.2) or interaction (F(1, 16) = 0.83; p = 0.37), suggesting that both slow and fast spindles were affected by the rocking stimulation during N3 ( Figure 3B ). Similar effects were found for slow-and fast-spindle counts (p < 0.001) as well as sigma power (12-13.5 Hz, detected on Pz; p = 0.014) during N3 ( Figure 3C ). The latter correlated with the increase in fast-spindle density in N3 during the rocking night (r 2 = 0.242; p = 0.044; Figure 3D ). Finally, because spindle activity has previously been proposed to promote sleep maintenance by subserving sensory gating [21] , we tested for a relation between the increase in slow-or fast-spindle density during N3 and reduced arousal density during N3 and found a significant correlation selectively for the fast spindles (r 2 = 0.295; p = 0.024; Bonferroni correction, p = 0.048; Figure 3E ). Next, we detected and analyzed individual SOs (<1 Hz) for stages N2 and N3 across frontal and parietal midline channels (Fz, Pz; STAR Methods). Within these channels, the number, density, and amplitude of SOs detected during N2 did not differ between rocking and stationary conditions ( Figure 4A and Figure S1A ). The number of SOs during N3 increased (+18.78%; p = 0.002) during the rocking night, but this was mainly attributable to increased time in N3, as SO density remained unaltered. No significant changes in SO amplitude were observed during N3 ( Figure 4A and Figure S1A ), as illustrated by highly similar grand average waveforms in the rocking ( Figure 4B , red) and the stationary ( 
Rocking Stimulation Preserves Phase-Frequency Coupling between SOs and Spindles
To verify that the spindles induced by rocking stimulation shared similar physiological characteristics with spontaneous spindles, we investigated the SO-spindle interaction [18] [19] [20] , for both fast and slow spindles during N3 specifically. Figure 4C illustrates, for a representative participant, that fast-spindle EEG power (12.5-15.5 Hz, detected on Pz) concentration during specific phases of the SO does not differ between stationary ( Figure 4C , left) and rocking ( Figure 4C , right) conditions. The distribution of the occurrence of the spindle around SO down-state across all participants also revealed that fast spindles reliably clustered in the transition between down-state to up-state in both conditions ( Figure 4D ). Accordingly, the spindle power modulations were significantly phase locked to a preferred angle of the SO (Rayleigh circular tests for non-uniformity; p < 0.01, for all participants in both conditions). Hence, Figure 4E depicts the average preferred phases of the SO-fast-spindle modulation for each participant during stationary and rocking nights. A preferred phase of synchronization is estimated by the synchronization index measure (see STAR Methods), reflecting the SO-phase of maximal increase in spindle power, which occurs presumably when a spindle is initiated. These preferred phases of the SOfast-spindle modulation were observed mainly during the fourth quadrant, close to the up-state. No significant difference was found between conditions on the average preferred phase of the SO-fast-spindle coupling (t test, p = 0.5). Similarly, there was no difference between conditions for the average magnitude of the coupling (t test, p = 0.85). For slow spindles (8.5-12 Hz, detected on Fz), the average preferred phases of the SO-slowspindle modulation were observed mainly during the second quadrant, in the transition from up-to down-state ( Figure S1 ). Similar to the findings for fast spindles, there was no significant difference between conditions in preferred phase of the SO-slow-spindle coupling or in magnitude coupling (t test, p > 0.05). While the rocking stimulation boosted the density of fast and slow spindles during N3, the lack of any difference between conditions on SO-spindle coupling suggests that rocking-induced spindles did not differ from spontaneous spindles. Although spindles were significantly phase locked to SOs, some spindles were also detected isolated from any SO in N3. In total, 20% of the spindles were isolated from SOs Table S1 . (mean ± SEM; rocking, 24.6% ± 2.3%; stationary, 22.8% ± 2.5%), while up to 80% of the spindles did occur during SOs. This ratio was not altered by rocking stimulation (p = 0.46, twotailed paired t test). The increase in the number of spindles during rocking nights was significant for both SO-associated and SOisolated spindles, with a significant gain of about 30% in both cases (p < 0.05, rocking versus stationary nights; 2-tailed paired t tests). These analyses further confirm that the relationship between SOs and spindles was not altered by rocking.
Evidence for the Entrainment of Brain Oscillations
Which neuronal mechanism may explain the beneficial effect of rocking on N3 and sleep spindles? First, we show that rocking stimulations directly triggered an evoked brain EEG response. As illustrated in Figure 5A , average event-related potential (ERP) waveforms across subjects (obtained across 10 participants, see STAR Methods), although of small amplitudes, could be observed specifically during N2 and N3 after the rocking marker, with a duration compatible with an SO. The amplitude of these ERPs decreased after 2 s, presumably because of the small jitter in the inter-movements intervals (see STAR Methods). By contrast, no ERPs were observed in N1 and REM during rocking nights, and they were absent around imposed markers during stationary nights ( Figure S2 ). Second, to further test whether the rocking stimulation could actually entrain the expression of SOs and spindles, (i.e., whether the periodic rocking movements would cause the periodic occurrence of specific brain events), we calculated peri-event time histograms around rocking markers. We observed that both SOs and spindles (both detected on Pz) clustered at specific time points with respect to the rhythmic motion of the bed, as illustrated by strong peaks in the peri-event time histograms around rocking periodic markers (every $4 s; see STAR Methods; Figure 5 ). We used chi-square goodness-of-fit tests to substantiate that, during the rocking night, the average distribution of SOs was not uniform during N2 (chi-square, p < 0.0001; Figure 5B , red) or during N3 (chi-square, p < 0.0001; Figure 5C , red). In addition, the distribution of spindles was not uniform during N2 (chi-square, p = 0.02; Figure 5D , red) or N3 (chi-square, p = 0.002; Figure 5E , red) in the rocking condition. By contrast, during the stationary night, the distribution of SOs and spindles around imposed markers (i.e., every 4 s; see STAR Methods) appeared to be uniform during N2 ( Figures 5B and 5D , black) and N3 (Figures 5C and 5E, black; all chi-squares, p > 0.1).
Rocking Stimulation Enhances Overnight Declarative Memory Consolidation
Finally, we investigated the impact of the rocking stimulation on waking behavior and memory. We found no effect of rocking on vigilance (measured by the psychomotor vigilance test [PVT] ). An ANOVA on reaction times (RTs), using sensory stimulation (rocking, stationary) and session (evening, morning) as within-subjects factors, revealed no significant effect of sensory stimulation (F(1, 16) = 0.04; p = 0.83) or session (F(1, 16) = 2.43; p = 0.13) and no interaction (F(1, 16) = 0.45; p = 0.5). Similar ANOVAs performed on early responses (i.e., RT < 50 ms) and lapses (i.e., RT > 500 ms) were not significant (all p > 0.05).
Declarative memory consolidation was assessed by a word paired-associate learning task, with memory accuracy measured by the difference between the number of correct pairs recalled (hits) and the number of errors for the evening session and the morning session (i.e., after the night of sleep). Note that the number of misses did not significantly change between sessions and between conditions (all p > 0.05; see Table S2 ). An ANOVA on memory accuracy using sensory stimulation and session as within-subjects factors revealed a significant effect of session (F(1, 16) = 8.005; p = 0.012) and a significant interaction of sensory stimulation by session (F(1, 16) = 5.833; p = 0.028), due to better memory performance after the rocking night. Indeed, post hoc t tests showed that there was a significant improvement between evening and morning sessions in the rocking condition (p < 0.001) and not in the stationary condition (p = 0.32). This result was confirmed by a t test on overnight memory improvement (morning minus evening), which revealed a significant increase in memory improvement during the rocking night (mean ± SEM; rocking, 4.71 ± 1.01; stationary, 1.53 ± 1.45; p = 0.028; Figure 6A ). This increase in overnight memory accu- racy was supported by a decrease in the number of errors (p = 0.007) and an increase in number of correct responses (p = 0.02) only during the rocking night (see Table S2 ). Supporting a possible functional link between the rockinginduced increase in spindle activity (known to index memory replay during sleep) and this memory effect, the increase in overnight memory accuracy significantly correlated with the increase in sigma EEG power (12.5-15.5 Hz, detected on Pz) during N3 (r 2 = 0.309; p = 0.025; Figure 6B ).
DISCUSSION
In this study, we investigated the effects on sleep and memory of a rhythmic lateral rocking stimulation (0.25 Hz) applied continuously during a whole night of sleep in healthy sleepers. In our previous work, we used the same rocking bed and showed that rocking shortened sleep latency and increased the time spent in N2 during an afternoon nap. Here, we replicated our initial observation of facilitated sleep initiation and confirmed that rocking boosted NREM sleep, predominantly affecting N3 sleep in the present whole-night study. In addition, by demonstrating that the continuous rocking stimulation discretely entrained SOs and spindles, we unveiled a neurophysiological mechanism for greater synchronization of neuronal activity during the rocking night, and hence increased oscillatory activity typical of NREM sleep. Consistent with an entrainment of neural synchrony, we found that continuous rocking stimulation during a whole night increased the time spent in N3, enhanced slow and fast spindles during N3, and improved sleep continuity (i.e., fewer arousals). Furthermore, we showed that rocking-induced spindles had similar temporal coupling with SOs as they had during the stationary condition and that the increase in fast-spindle activity correlated with overnight improvement in declarative memory, consistent with the role of spindles and SO-spindle coupling in neural plasticity. Below, we discuss some of these main results in more details.
A shortening of sleep latency caused by sensory stimulations was previously reported in the pioneering study by Pompeiano and Swett (1962), who applied regular low-intensity cutaneous electric stimulations in cats [22] , and by more recent studies in humans using electrical, olfactory, or rocking stimulations [7, 16, [23] [24] [25] . Here, beyond a mere facilitation of sleep initiation with an overall reduction in sleep latency to N2 and a tendency to enter faster into N3, we also found that rocking profoundly modified the architecture of sleep, with an increase in N3 duration and a decrease in N2 (and N1) duration, while REM sleep remained unaffected. Note that, while we observed that rocking induced an increase in N2 duration in our nap study [7] , rocking stimulation applied during the night did not increase N2 duration but increased N3 duration even when only the first hour of sleep was considered (see Table S1 ). Differences in circadian and homeostatic drives in the afternoon versus in the evening most likely explain these distinct influences on sleep parameters. Indeed, short afternoon naps in healthy sleepers are mainly composed of N1 and N2 stages [26, 27] , while the homeostatic nature of sleep regulation will promote deep sleep quickly after sleep onset during nighttime sleep [28, 29] . Using a 0.42-Hz rocking bed, Woodward and collaborators (1990) did not report any changes in N2 or N3 durations, but they observed a reduced sleep latency under the rocking condition [24] . Recently, Omlin and colleagues (2018) investigated the effect of a rocking stimulation when applied until sleep onset or during the first 2 h of sleep and found no change in sleep latency, but they found an increase in N2 duration under 2 h of the rocking condition [16] . In this particular study, the frequency (0.16 or 0.24 Hz) and the direction of motion applied to the bed (5 possibilities: 3 linear translations and 2 swing rotations) were chosen based on each participant's subjective preference, thus resulting in between 2 and 5 participants per specific motion characteristics. Because the reported results were averaged across participants (i.e., across distinct motion characteristics) and did differ from ours, we can only infer that the impact of rocking on sleep architecture and oscillations depends on the frequency (and/or type of motion). Crucially, based on our previous and current findings, we suggest that some specific motion parameters may be more effective for the general healthy population.
In our current study, participants increased their time spent in deep sleep (N3) along with its associated SOs during the rocking night. We think that this effect may relate to the reduced number of arousals. Indeed, even if spontaneous arousals are common during sleep [30] , they are considered as brief episodes of cortical activation that disrupt the continuity of sleep and cause sleep fragmentation [30] [31] [32] . We also found that rocking increased spindle activity and that the increase in fast spindles correlated with reduced arousals during N3, which was thus consistent with a role of spindles in the preservation of sleep stability and sleep quality. It has indeed been proposed that spindles protect against external perturbations [21, 33] , notably through reducing sensory throughput during NREM [34, 35] .
How can we explain that rocking impacted the sleep architecture and related-brain oscillations? While the exact underlying neuronal mechanism cannot be fully elucidated here, we hypothesize that the rocking effect would be driven by the vestibular system. We demonstrated the validity of this hypothesis in the companion study, based on an animal model [36] . This animal study further suggested that rhythmic vestibular stimulation would act on sleep architecture and associated oscillatory patterns by means of cholinergic tonus modulation. We can only speculate that a similar cholinergic mechanism is involved in human scalp EEG studies [37] . This latter hypothesis is highly interesting given the influence of the cholinergic system on the regulation of sleep [38] [39] [40] . Here, we provide initial evidence for an effect of the external sensory signal (vestibular and possibly proprioceptive stimulation at 0.25 Hz) on the synchrony of thalamocortical oscillations during NREM sleep. Specifically, we report that the rocking stimulation induced an evoked slowwave component and that spindles and SOs were not evenly distributed with respect to the rocking motion, but showed a cyclic occurrence. We suggest that this can be linked to a process of entrainment, i.e., the ability of a recurrent external sensory stimulation to synchronize intrinsic oscillations of a certain system [15, 41] . The entrainment of spindles by rocking stimulation might be partially explained by their nesting into the SOs [19, [42] [43] [44] and also by a direct entrainment of spindles. Indeed, the synchronization of spindles around rocking markers was also observed in N2, during which spindles are mostly isolated from SOs.
It has been demonstrated that acoustic stimuli delivered in phase with the up-state of SO can boost SOs and spindles and can impact memory consolidation [8] [9] [10] . While our rocking stimulation did not occur at a specific phase of the SO, its continuous rhythmicity at 0.25 Hz might have provided a synchronizing influence on neuronal activity within thalamocortical networks. Because both somatosensory and vestibular systems send direct inputs to the thalamus [1, 45, 46] , their rocking-induced rhythmic stimulation might entrain SOs and spindles within Table S2. thalamocortical circuits. Hence, this mechanism would in turn favor spindles' function in protecting sleep and explain why we also observed changes in the architecture of sleep (increase in N3 duration, decrease in arousals), unlike other studies in which pulsed sensory stimulations were used [8, 12, 13] or rocking was used only during the first 2 h of sleep [16] . Importantly, we demonstrated that the rocking-induced spindles had unaltered phase coupling with the SO. Although spindles are generated by reticular and thalamocortical neurons [42] , it is known that corticothalamic SO inputs drive spindles to occur within a specific phase of the SOs [43, 47, 48] . In agreement with this observation, our results showed that, in both stationary and rocking conditions, SO-associated fast spindles occurred during the transition from the down-state to the upstate of the SO; by contrast, slow spindles occurred preferentially during the transition from up-to down-state, as expected from the literature [8, 19, 43, [47] [48] [49] . At the cellular level, the SO up-state (corresponding to the depolarization state of cortical neurons) facilitates thalamic fast-spindle generation, while the transition to the down-state correlates with the transition of cortical neurons toward hyperpolarization [43, 47, 49] . Hence, our results support the idea that a continuous rocking stimulation enhances deep sleep duration and associated SOs with an increase of fast spindles that are nested into up-state phases of SO. This increase of SOs, and the boost of spindles occurring within a specific phase of SOs, is reported to be a critical mechanism underlying cortical synaptic plasticity and mediating enhanced consolidation of memory during sleep [8, 18, 42, 47, 50] . Further corroborating this claim, we found that the boost in fast-spindle activity during the rocking night correlated with the increase in hippocampus-dependent memory consolidation, consistent with the view that fast spindles (>12 Hz) coincide with an enhancement in thalamocortical coupling, hippocampal activity [51, 52] , and memory reprocessing during sleep [47, 53, 54] . Note that slow frontal spindles would index enhanced cortico-cortical coupling and contribute to the consolidation of memories within cortical sites [14, 47, 55] .
Taken together, the present findings demonstrate that applying a rhythmic sensory stimulation, here, using a rocking bed during a whole night of sleep, promotes deep sleep and memory consolidation in healthy sleepers. These effects may rely on increased SOs and sleep spindles (i.e., fast spindles), which we suggest are attributable to a rocking-induced rhythmic entrainment of thalamocortical activity. Together with the companion animal study [36] , the present human experiment thus provides new insights into the neurophysiological mechanisms underlying the effects of rocking stimulations on sleep. These results may be relevant for the development of non-pharmacological therapies for patients with insomnia [56] or mood disorders [57] , or even for aging populations [58] , who frequently suffer from decreased deep sleep [59] and/or from memory impairments [60] [61] [62] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Twenty young volunteers initially participated in the experiment and written informed consent was obtained from all of them. The study was approved by the ethics review board of the Geneva University Hospital (Switzerland). Participants were all in good general health, without any previous history of neurological or psychiatric illness, alcohol or drug abuse, or sleep problems. Participants who scored high on the Beck Depression Inventory (score>10 [63] ), the State-Trait Anxiety Inventory (score>40 [64] ), the Pittsburg Sleep Quality Index (score>5 [65] ), and/or the Epworth Sleepiness Scale (score>9 [66] ), or who reported irregular sleep-wake cycle were not included in the study. Participants were first accustomed to the experimental setup during one habituation night spent at the sleep laboratory (HUG, Geneva) with a standard clinical polysomnographic (PSG) recording including EEG, EMG, EOG, ECG, and breathing measures [67] . Only participants showing good sleep efficiency (>80%) and no breathing disturbances during this habituation night were included. All participants received a monetary compensation for their participation. Finally, 18 participants (10 women, 8 men) aged between 20 and 27 years old (mean ± SD; 23.39 ± 1.61) were included in the experiment. On the 20 participants initially recruited one subject was excluded after the screening/habituation night the rocking night and the second was excluded because of a failure with the rotor during the rocking night.
The procedure involved spending two experimental nights at the sleep laboratory under PSG monitoring: one with the bed in a stationary position and one with the bed rocking gently. The experimental protocol followed a crossover design, with the order of the two conditions (stationary, rocking) counterbalanced order across participants (Figure 1 ). There was a minimum of five days and a maximum of 2 weeks between the two experimental nights. We asked all participants to maintain a regular sleep-wake schedule with a minimum of 7h of sleep during the three days before each experimental night. Compliance was monitored by wrist-worn actimeter (Actiwatch. Cambridge, UK: CamNtech) as well as a sleep diary.
For both experimental sessions, participants performed a vigilance task and declarative memory task in the evening. In the morning, about 20 min after awakening, vigilance and memory performance were examined again. Sleep quality (St Mary's Hospital Questionnaire [68] ) was also assessed in the morning after each night spent at the sleep laboratory. The morning after the rocking night, pleasantness and relaxing properties of the rocking bed were evaluated by a ten-point scale (from very unpleasant/stressful to very pleasant/relaxing).
During the rocking night, the bed was connected to an electrical motor that produced a lateral excursion of 10.5 cm and a rocking frequency at 0.25 Hz for the full cycle, i.e. complete back and forth lateral excursions. During a full cycle (4 s), two acceleration peaks in opposite directions are observed at the left and right turning points and therefore these directional changes are assumed to be sensed by the participants at a frequency of 0.5 Hz. These motion parameters were previously used in our nap study [7] . Although very quiet, the motor of the bed was also switched on during the stationary night, so that the environmental noise (<37 dB) was the same during both experimental nights. In order to test for a possible entrainment of brain oscillations through rocking stimulation, we added a rocking sensor, which sent a marker on the EEG recording every time the bed reached the left peak of its excursion. Using these markers, we could calculate that the mean duration of the full cycle was close to 4 s (mean duration across participants ± sem = 4.15 +/-0.25) rather than exactly 4 s. Due to technical issues, we could record the rocking periodic markers for only 10 participants. For the stationary night, we added imposed markers appearing every 4 s.
METHOD DETAILS
Polysomnographic Recording
Whole-night PSG recording was used for both experimental nights. PSG included EEG, EOG, EMG, ECG and a thoracic belt. The 22 scalp electrodes (Fp1, Fpz, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2, A1, A2) were placed according to the international 10-20 system [67] . The EEG signal was recorded with a Deltamed amplifier (Natus Europe, GmbH, Germany), filtered between 0.05 Hz and 50 Hz. All recordings were sampled at 512 Hz and stored for later offline analyses. EEG recording were referenced to PFz for the offline analyses, the EEG signals were re-referenced to the contra-lateral mastoid (A1, A2).
Polysomnographic Analyses
Analyses were conducted using the Deltamed coherence software (version 7.1.3.2032. Germany: Natus Europe), the PRANA software (Version 10.1. Strasbourg, France: Phitools) and custom written Matlab scripts and function (Version R2012a. Natick, MA: The Mathworks, Inc.). Two scorers blind to the experimental conditions determined the different sleep stages (NREM 1, 2, 3, REM sleep and wake) for each recorded night of sleep. From the scoring of the sleep architecture, we computed the duration (min) of each sleep stage, as well as the percentage of each sleep stage relative to the total sleep period (TSP; from sleep onset to wake up time) and relative to the total sleep time (TST; TSP minus intra-wake epochs). Sleep efficiency (TST/time in bed*100), number of intra-awakenings, and number of transitions between stages were also calculated. Artefacts and arousals were identified both using a semiautomatic detection (PRANA software) and also visually by an expert scorer. Heart rate was recorded on ECG derivation and was analyzed with the PRANA software [69] ; no rocking effects were observed. The EEG spectrum power average (30 s of time resolution with artefact excluded) was calculated with a 0.2 Hz resolution, by applying a Fast Fourier Transformation (FFT; 50% overlapping, 5 s windows, Hanning filter) using the midline frontal (Fz) and parietal (Pz) derivations. Mean power was calculated for each 0.2 bins between 0.4 and 30 Hz and for the following frequency bands: SOs (0.4-1 Hz), delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma (11.5-15 Hz), slow and fast spindle power ranges (8.5-12 Hz on Fz and 12-15 Hz on Pz, respectively), low beta (15) (16) (17) (18) (19) and high beta (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Following the procedure of Ray and colleagues [70] , spindles were detected automatically using the PRANA software. The signal was thresholded at 1.96 SD above the mean for spindle detection in each recording [70, 71] . This detection is determined based upon each subject's mean peak spindle amplitude for each night. The detection was performed frontal (Fz), and posterior (Pz) midline channels re-referenced to A1 or A2: spindles were required to have a duration between 0.5 s and 3 s and an inter-spindle interval no less than 1 s. Slow spindles detection was performed on Fz with 8.5 to 12 Hz band-pass filtering [14] , whereas fast spindles were detected on Pz with a band-pass filtering between 12.5 to 15.5 Hz [14, 72] . An experienced scorer visually supervised all detected spindle for each night of each participant. Spindles and arousal density were then calculated (i.e., mean number of spindles/arousals per epoch of 30 s).
SOs were detected using previously reported methods based on relative thresholds detection for each recording [19, 49] . Briefly, EEG data were filtered (two-pass FIR band-pass filter at the order of three cycles of low frequency cutoff) in the SO range (i.e. 0.4 -1.25 Hz). Zero crossings were detected in the filtered data across channels. Two subsequent positive to negative zero crossings with an interval between 800 ms to 2500 ms were considered as SO candidates. Next, peak to trough amplitudes were calculated and only 25% of the detected SO candidates with the highest amplitude were considered as SOs in this study. To extract spectral characteristics of the EEG signals around SOs, 10 s long EEG epochs were extracted around the trough of the detected SOs, and a family of complex morlet wavelets was used based on the following formula: u f = e i2ptf e Àt 2 =ð2s 2 Þ in which, i is the imaginary operator, t is time, f is frequency and s represents the width of the wavelet. The latter (s) was defined as l/(2pf) where l is the number of wavelet cycles ranging from 4 to 10 in logarithmically distanced numbers. The mean power from -2 to 2 seconds around the SOs was considered as the baseline for each frequency (see Cox et al., 2014 for details [73] ).
To calculate the phase locking of spindle power to SO phase, EEG epochs around SO troughs and mean power time series in the respective spindle power range for each electrode were band-pass filtered (two-pass FIR; order of 3 cycles of low-frequency cut-off) in the SO frequency range (0.4-1.25 Hz). The phases of two time series were used to calculate synchronization index (SI) according to the method suggested by Cohen (2008) [74] :
where n is the number of time points, i is the imaginary operator, f lt is the phase of the SO at time t, f ut is the phase of the spindlerange EEG power fluctuations at SO frequency range. The imaginary part of the complex SI value resulted from this calculation represents the phase of the preferred angle of SO by spindle EEG power and the real part of this value represents the magnitude of the coupling. Evaluation of the number of spindles associated or isolated from SOs were based on the following procedure: a spindle was considered to be isolated from SOs if its center was distant from at least 4 s from the closest SO downstate. In order to identify whether rocking stimulation at 0.25 Hz might entrain micro-events occurrence during N2 and N3, we observed the distribution of spindles (center) and SOs (downstate; both detected on Pz) around the markers of rocking during the rocking night and around virtual markers (i.e. every 4 s) during the stationary night. Peri-event time histograms (PETH) provided graphic representation of SOs and spindles around the marker (time scale of 8 s comprise 80 bins of 100 ms). Event-related potentials (ERP) were obtained by averaging 4 s windows of the raw EEG signals after the rocking markers, separately for each sleep stages. Given that the stimulation is continuous, baseline correction was applied by subtracting the mean voltage values across the 4 s window.
Vigilance and Memory Assessment
Vigilance was assessed using a psychomotor vigilance task (PVT [75] ) requiring participants to press a key as fast as possible when a cross-presented at the center of a computer screen turned into a digital counter. Reaction times (RT), early responses (RT < 50 ms) as well as lapses (RT > 500 ms) were analyzed.
To assess the impact of rocking stimulation on declarative verbal memory performance, we used a word paired-associate learning task used in our previous work [76] , where semantically unrelated French word-pairs had to be learned. The task is composed of an encoding phase and two recall phases: an immediate (pre-sleep) and a delayed (post-sleep) recall, to assess overnight improvement in memory performance. Two lists of 46 word-pairs were created, one for each session; both lists contained words that matched for their frequency of use, concreteness, and emotional valence (negative, neutral, positive). In the evening, participants were first asked to learn the 46 word-pairs presented one by one (4 s each) with an inter-stimulus interval of 100 ms. Immediately after the encoding, participants underwent a first recall test during which the first word of each pair was presented, in a newly randomized order, and participants had to type the associated word (in less than 10 s). In the case where participants did not remember the pairedword, they were asked to guess or to leave the response blank. No time limit for the response was imposed. A feedback showing the correct associate was given at the end of each trial. After the night of sleep, a second recall test was again administered. Correct responses (hits), errors, and lack of response (misses) were measured. Memory accuracy score was computed (hits minus errors) for both recall test and both experimental sessions.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using IBM SPSS Statistics for Windows (Version 23.0. Armonk, NY: IBM Corp.) and MATLAB using custom scripts and functions. All our variables were tested for normality (Lilliefors test), and revealed normal distribution, except for sleep latencies. Using a log transform, sleep latencies showed a Gaussian distribution allowing the use of parametric tests. All our analyses mainly relied on paired t-test and on repeated-measures analyses of variances (ANOVA) with post hoc multiple comparison tests (using Bonferroni correction) to specify main and interaction effects. All ANOVAs included a repeated measure factor Sensory Stimulation (rocking, stationary). Rayleigh test for non-uniformity of circular data was used to test whether the spindles had a preferred locking angle to the SO phase [77, 78] . Concerning rocking entrainment, chi-square goodness of fit tests were used to assess the non-uniformity of the occurrence of SOs and spindles in N2 and N3 averaged across participants in each condition. A 2s cycle (period of 2 s post rocking marker) was used to measure chi square goodness of fit against the null hypothesis that the distribution of events are uniform across bins (i.e., the probability of the occurrence is equal in all bins) around the markers. Degrees of freedom were corrected according to Greenhouse-Geisser when necessary. The level of significance was set to p-values < 0.05. All statistical analyses concerning sleep architecture were done on 18 subjects. Note that the statistical analysis of sleep features (spindles and SOs) and spectral analysis were performed on 17 subjects: one subject was removed because of a poor EEG signal quality that precluded spectral analyses (weak electrode impedance due to many sweating artefacts during the stationary night in this participant). Furthermore, the statistical analysis of memory assessment was also performed on 17 subjects due to a technical failure with a MATLAB script during the cognitive test of one subject during his rocking session. As described above (see details in ''Experimental Model and Subject Details section''), entrainment analyses were done on the 10 participants that were recorded with rocking markers.
